ABSTRACT Two experiments were conducted to investigate the effect of low-CP diets supplemented with crystalline amino acids, according to an ideal amino acid ratio, on the performance, plasma metabolites, nutrient digestibility, nitrogen balance, and water intake in male and female chickens from 1 to 48 d of age using a 4-phase feeding program: prestarter (1-7 d), starter (8-21 d), grower (22-35 d), and finisher (36-48 d). Three experimental diets were formulated for each phase: a control diet with a CP level of 24.5, 23.0, 21.5, and 20.5%, respectively, and medium-and low-CP diets containing 1.5 and 3% less than that of the control, respectively, but the same ME and digestible lysine levels. In experiment 1, in males, the reduction in dietary protein content by 3% increased the feed conversion ratio (P < 0.05) in the starter, grower, and finisher phases, and plasma albumin levels were reduced (P < 0.05) during the prestarter, starter, and finisher phases. In females, the same effect on plasma album levels was observed (P < 0.05) only in the starter phase. Sex affected plasma albumin levels during the prestarter, starter, and finisher phases, being higher in females. In experiment 2, the reduction in dietary protein content linearly decreased water consumption in both sexes (P < 0.05). The reduction of dietary protein by 1.5 or 3% reduced nitrogen excretion to the environment by 9.5 and 17% in males and by 11.8 and 14.6% in females, respectively. In summary, the low-CP 4-phase feeding reduced water intake and nitrogen excretion with an adverse effect on the feed conversion ratio in males but not in females. So, single-sex rearing could be used to reduce the environmental impact of chicken farms. also be considered as a strategy to reduce N excretion, because sex affects the lean deposition and amino acid requirements (Samadi and Liebert, 2006) .
INTRODUCTION
The environmental emissions caused by intensive animal production have sparked growing concern in almost all developed countries (Powers and Angel, 2008) . In poultry production, ammonia originates from the nitrogenous products of the manure, volatilizes, and may negatively affect animal welfare (Beker et al., 2004; Ritz et al., 2004) , the facilities, and man (Ellen, 2005) .
Nitrogen in manure comes from the unused N in food (Patterson and Adrizal, 2005) . Several nutritional strategies have been proposed to improve its use and thus reduce excretion (Nahm, 2007; Powers and Angel, 2008) . Whereas, reducing the protein content of the diet reduces N excretion, the level of essential amino acids must be maintained by supplementation with crystalline amino acids if this strategy is to be effective and production rates are not to be harmed (Si et al., 2004; Dean et al., 2006; Kamran et al., 2008; Namroud et al., 2008) . However, some studies have indicated that performance rates will inevitably worsen (Ferguson et al., 1998a,b) . For example, a reduction in the CP content and essential amino acids, even a reduction in nonessential amino acids, such as Gln and Asn, has been seen to reduce weight gain and conversion efficiency of the diet (Bregendahl et al., 2002; Dozier et al., 2008) .
Phase feeding is another strategy used to reduce N excretion (Williams, 1995; Nahm, 2007) . Emmert and Baker (1997) suggest that phase feeding allows adjustment of the contribution of amino acids to chickens without harming production rates, reducing both costs and N excretion (Pope et al., 2004) . Current production systems tend to use 4 phases: initiation, growth, termination, and withdrawal, although the length of each is variable (Oviedo-Rondón, 2009 ). However, Gutierrez et al. (2008) did not observe any decrease in N excretion as a result of applying a continuous multiphase diet system. Separating the sexes of broiler chickens could Effect of low-protein diets and single sex on production performance, plasma metabolites, digestibility, and nitrogen excretion in 1-to 48-day-old broilers F. Hernández ,* M. López ,* S. Martínez ,* 1 M. D. Megías ,* P. Catalá , † and J. Madrid *
Birds and Experimental Procedures
The experimental procedures followed the guidelines of the Research Ethics Committee of Murcia University and complied with the Spanish guidelines for the care and use of animals for scientific purposes (Oficial del Estado, 2005) . Experiment 1. In total, 240 Ross 308 (120 males and 120 females) 1-d-old broiler chickens, provided by the hatchery and already sexed, were homogeneously distributed the same day into 12 batches for each sex (10 broilers/pen) in twenty-four 1 × 1 m floor pens. There were 4 replicates per treatment and sex in a randomized complete block design. The location within the barn served as the blocking criterion. All pens were identified by treatment and replicate. Each pen represented one replicate. The pens were incorporated in a commercial farm with a capacity of 30,000 chickens so that experimental birds were reared with their contemporaries at the farm. The pen floor had clean pine shavings for litter, so the broilers had access to litter. Each pen was equipped with one feeder and 4 nipple drinkers. The temperature was controlled and gradually reduced from 32°C the first 5 d of life to 20°C at d 40. The commercial farm was equipped with propane burners and cooled by water. The lighting cycle was 24 h/d from d 1 to 3, 18 h/d from d 4 to 38, and 23 h/d from d 39 to 48.
The performance rates of the chickens housed in pens were evaluated. Birds were individually weighed on d 1 and at the end of each phase: d 7, 21, 35, and 48. Feed intake was measured throughout the study, and the feed-to-gain ratio was calculated for each phase and diet on a pen basis. Mortality and the weight of dead chickens were also recorded at the time of removal, and the parameters were corrected for mortality.
At the end of each phase, blood samples of 3 birds per replicate (those showing the average weight for the pen) were taken from the brachial vein and placed into heparinized tubes. The tubes were centrifuged at 5,000 × g for 20 min at 4°C, and plasma samples were stored at −18°C for later analysis.
Experiment 2. In total, 450 Ross 308 (225 males and 225 females) 1-d-old broiler chickens were homogeneously distributed into 9 batchs for each sex (25 broilers/cage) placed in an experimental room. There were 3 replicates (25 broilers of each replicate) per treatment and sex in a randomized complete block design. The location within the experimental room served as the blocking criterion. The broilers were placed in eighteen 70 × 60 cm cages with a 1 × 1 cm wire-mesh bottom. Each cage was equipped with a feeding trough placed outside and water cups placed inside the cage and also an excreta collection tray. The temperature was controlled and gradually reduced from 32 to 20°C on d 40. The lighting cycle was similar to that described on experiment 1. The experiment was conducted from d 1 to 48 of age. Feed and fresh water were provided daily at 09:00 h and were available ad libitum. The water consumed per cage was measured by a 2-L graduate bottle that every day was replaced.
To determine the balance and excretion of nutrients for each treatment, stage and sex feed intake and excreta were controlled for 3 consecutive days in each phase. The sampling days were from 4 to 7, 18 to 20, 30 to 33, and 44 to 46 d of life for the prestarter, starter, grower, and finisher phases, respectively. To control the feed intake for each collection phase, the night before the sampling day, the feeders were removed and cleaned and refused feed was taken into account. On the sampling day itself, the diet was offered in the feeders and clean trays were placed to collect the excreta.
The total excreta per cage was collected, homogenized with a machine, and 2 samples with 20% of the total were frozen at −18°C until analysis. To determine the apparent ileal digestibility of nutrients in the 3 treatments for each phase, 10 birds on d 7, 7 birds on d 21, 3 birds on d 35, and 3 birds on d 48 were killed with an overdose of sodium pentobarbital. The animals selected were those who showed the average weight for the cage. To determine ileal digestibility, the contents of the ileum from the Meckel diverticulum to 40 mm before the ileum-cecal union were collected by gently flushing with water into plastic containers. The ileal digesta of all of the birds within a replicate were pooled, lyophilized, ground through a 0.5-mm sieve, and stored in airtight containers at −18°C until analysis.
Analytical Procedure
The DM of excreta was determined in one subsample by drying at 80°C to a constant weight in a forced-air oven, whereas the DM of the diet was determined by drying in a forced-air oven at 103°C for 8 h. The N content in feed, fresh feces, and ileum content was determined by the Kjeldahl method according to the AOAC (1990) , and the CP content was taken to be N × 6.25. The titanium dioxide content of the diet and the ileum content were analyzed by the procedure described by Myers et al. (2004) , and the coefficients of apparent ileal digestibility of the nutrients were calculated.
The glucose, uric acid, albumin, and total protein in the plasma were analyzed by the Clinical Pathology Laboratory of Murcia Veterinary University (Spain) by procedures conventionally used for diagnosing general metabolic disorders in domestic animals (Kaneko, 1989) .
Statistical Analysis
All data were analyzed using the GLM procedure of the software SPSS (1997). The statistical model investigated the main effects of CP concentration, sex, and associated 2-way interactions. In addition, when significant differences among treatment means were found, the least significant differences test was applied (Snedecor and Cochran, 1980) . Linear and quadratic effects of CP concentration were examined. Significant differences among treatments were established at P < 0.05.
RESULTS AND DISCUSSION

Experiment 1
The effect of reducing the protein content of the diet on performance in each phase for males and females is shown in Table 3 . Considering the entire breeding period (1-48 d), reducing the protein content of the diet negatively affected the weight gain of male chickens (P < 0.05). In particular, the reduction of 3% CP resulted in lower growth in male chicks, but there were no differences between the medium treatment and the control. This effect, lower growth with lower level of protein, was also observed in the 8 to 21 d phase in male chickens. On the other hand, reducing the protein content of the diet by 3% did not affect weight gain of females for the total period or any of the controlled Table 2 . Composition of the experimental diets for grower and finisher phases with low (L), medium (M), and control (C) levels of protein for broilers (%, fresh mater) phases (prestarter, starter, grower, or finisher) . Weight gain in males was higher than in females at all stages (P < 0.05). Feed intake was not affected by treatment (P > 0.05) and was higher (P < 0.001) in males than in females for the whole period and in individual stages, except the first phase (d 1-7) where only a slight trend was found (P = 0.09).
As for the effect of dietary protein level on the feed conversion ratio (FCR ; Table 3 ), from 8 to 21 d and from 22 to 35 d, the efficiency of feed utilization was higher (P < 0.05) in male chickens fed the highest protein level (control), but there was no difference between the control and those fed with 1.5% less protein (medium). However, for the last phase (36-48 d) and for the overall period of rearing (1-48 d), the best efficiency of feed utilization was for chickens fed the control diet (P < 0.01). Moreover, in both cases, there was a linear effect of protein level in the diet on the efficiency of diet utilization in males (P < 0.05). When we analyzed the data from females, there was no effect of dietary protein FCR (P > 0.05).
The 2-way ANOVA analysis showed that for all stages, except the first, and for the overall period, the FCR of males was lower than that of females (P < 0.001).
Therefore, in females, reducing the protein levels to 21.5, 20.0, 18.5, and 17.5% (low) for the 4 phases and supplementing with crystalline amino acids did not affect the FCR. For males, the growth potential is higher, and diets with less protein (medium and low) supplemented with crystalline amino acids led to worse conversion rates. These results justify one-sex rearing programs, which would allow the protein levels of the diet to be adjusted to the needs of each sex (Corzo et al., 2005) . In general, reducing the level of protein in the diet reduces the productive performance of the birds. Aftab et al. (2006) tested different options to avoid a drop in production when low-protein feed is provided, such as regulating the electrolyte balance of the diet by adding potassium carbonate (Fancher and Jensen, 1989a,b; Han et al., 1992) , the addition of N nonspecific sources, such as citrate triammonium or l-Glu (Fancher and Jensen, 1989a,b; Pinchasov et al., 1990; Bregendahl et al., 2002) , or the addition of nonessential amino acids (Bregendahl et al., 2002) . Aftab et al. (2006) concluded that supplementation with essential amino acids is the only valid option to maintain productive performance. In our study, a 1.5% decrease in protein in the diet adversely affected the FCR but not weight gain in males, whereas for females, CP could be reduced by 3% with no adverse effects. Supplementation with crystalline amino acids (Lys, Met, Thr, and Trp) allows dietary protein levels to be reduced by 3%, whereas higher decreases might have negative effects on performance (Fancher and Jensen, 1989a,b; Pinchasov et al., 1990; Bregendahl et al., 2002; Waldroup et al., 2005 , Kamran et al., 2008 . A greater decrease in the protein level of the diet would cause the appearance of limiting amino acids, essentials or nonessential, different from those mentioned or cause an imbalance between the ratio of Lys and other amino acids. When a diet based on corn and soybean meal was used, the first amino acids affected were Gly (Corzo et al., 2005) Ile, Arg, and Val (Labadan et al., 2001; Corzo et al., 2008; Dozier et al., 2008; Waguespack et al., 2009) . However, the level of protein in the diet could be lowered further if supplemented with more amino acids, but this would not be commercially viable. Corzo et al. (2005) found no effects on growth in chickens from 5 to 21 d that were fed diets with 22 and 18% protein, but the feed had to be supplemented with other amino acids, such as Gly (not essential) and l-Leu. Similarly, Dean et al. (2006) in different experiments in males and females from 1 to 17 d with a diet based on corn and soybean meal, observed a negative effect of reducing the protein content on growth and the FCR, whereas supplementation with crystalline amino acids (essential and nonessential) avoided negative effects, even when the protein in the diet was reduced to 16.7%. Namroud et al. (2008) found that the growth of male chicks decreased when the CP content was less than 19%, even though the diet was supplemented with the usual crystalline amino acids. In our study, the protein level was equal to or less than 19%, with the low diet in grower and finisher phases and with the medium diet in the finisher phase, and negative effects were observed on growth in males in the starter phase and the overall period with the low diet.
In addition, the level and type of amino acids in a low-protein diet and the effect of energy levels have been studied. For example, Kamran et al. (2008) reduced the protein level in the diet and supplemented it with crystalline amino acids to maintain the CP:ME ratio constant, observing in male chicks from 1 to 35 d that a reduction in the protein-to-energy ratio of the diet negatively affected the final weight of the chickens and increased feed intake and the FCR.
The effect of sex and feed with different CP levels on plasma metabolites in chickens are shown in Table  4 . In male chicks in the prestarter, starter, and finisher stages, plasma albumin levels were affected by dietary protein content, being lower (P < 0.05) in chickens fed the diet with less protein (low). The albumin levels of chickens fed the control and medium diets were only different in the prestarter phase (P < 0.05). In females, the same effect in the starter phase was found (P < 0.05), but the opposite occurred in the grower phase, with the lowest plasma albumin levels in females of the control diet in the grower phase. In the 2-way ANOVA analysis, reducing the level of protein in the diet (P < 0.001) decreased the plasma albumin levels in the prestarter, starter, and finisher phases and the plasma albumin levels were higher (P < 0.01) in females than in males in these same phases.
The level of total proteins in the plasma of male chicks increased linearly (P < 0.05) with increasing protein content in the prestarter and finisher phases. In the prestarter phase, the total protein content in Means with different superscripts within the same row differ significantly (P < 0.05).
1 Control (C) treatment with a protein level in the feed of 24.5, 23.0, 21.5, and 20.5% for prestarter, starter, grower, and finisher, respectively. Diet of treatment medium (M) and low (L) have 1.5 and 3% less protein for each phase.
2 Standard error of the mean; n = 4 replicates per treatment.
3
Linear effect of the diet on the variables in males (P < 0.05).
the plasma of females was higher (P < 0.001) than in males, but the diet had no effect on the same interaction (P < 0.05). The observed decrease in the levels of albumin and total protein in plasma could be related with a deficit of amino acids ingested by the animals (Corzo et al., 2009) . The estrogen in oviparous females could induce a hyperproteinemia, resulting in higher plasma levels of albumin and total protein, especially just before the onset of egg laying (Lumeij, 1997) .
The uric acid content in the plasma was only affected by treatments in the prestarter phase. Thus, in both sexes, the level of uric acid increased linearly as the protein content of the diet increased (P < 0.05), with higher levels in males than in females (P < 0.05). Uric acid comes from the catabolism of amino acids from food or the turnover of tissues. In this case, the increase in uric acid could have been due to an excess of ingested amino acids, the increased activity of muscle tissue in males explaining the differences between the sexes. Moreover, the decrease in plasma uric acid as protein levels in the diet fell may also have been due to the reduced availability of Gly for uric acid synthesis in the liver (Waldroup et al., 2005; Namroud et al., 2008) . In the other phases, there were no significant differences in plasma levels of uric acid, suggesting that amino acids were not taken in excess (Corzo et al., 2009) .
The type of diet affected glucose levels only in the finishing stage. Thus, chickens that consumed the highest levels of protein showed lower levels of plasma glucose (P < 0.05) probably due to the increased intake of starch when the protein level of feed decreased, because soybean meal was replaced by cereals. Male chicks had higher glucose levels than females in the grower and finisher phases (P < 0.05). Although there is no uniformity among different authors, it is generally considered that in birds, males have higher glucose levels than females (Peebles et al., 1997; Scholtz et al., 2009) .
Experiment 2
The effect of diet protein levels and sex on the coefficient of apparent fecal digestibility of DM, apparent ileal digestibility of protein, and the retained N are shown in Table 5 . The apparent fecal digestibility of DM was affected by the type of diet in the starter and grower phases. Thus, in females, it increased linearly (P < 0.05) when the level of protein in the diet decreased during the second phase, the same trend being observed in the 2-way ANOVA analysis (P = 0.054). This effect could have been due to the substitution of soybean meal by corn to lower the protein content of the feed. In the grower phase, the apparent fecal digestibility of DM fell with lower protein content in the diet; in this case, soybean meal was replaced by wheat. No effect of sex on this parameter was observed (P > 0.05) at any phase.
The apparent ileal digestibility of CP in the prestarter phase increased (P < 0.01) when the level of protein in the diet fell probably due to the higher digestibility of crystalline amino acids. Sex did not affect the apparent ileal digestibility of CP (P > 0.05). Means with different superscripts within the same row differ significantly (P < 0.05). 1 Control (C) treatment with a protein level in the feed of 24.5, 23.0, 21.5, and 20.5% for prestarter, starter, grower, and finisher, respectively. Diet of treatment medium (M) and low (L) have 1.5 and 3% less protein for each phase.
2 Standard error of the mean; n = 4 replicates per treatment. 3 Linear effect of the diet on the variables in males (P < 0.05). 4 Linear effect of the diet on the variables in females (P < 0.05).
On the other hand, a decreased protein level in the diet increased the percentage of N retained by the chickens in the starter (P = 0.056) and finisher phases (P < 0.001). Both the lack of effect and an improvement in N retention as the level of protein falls may reflect a suitable N balance in the diet (Bregendahl et al., 2002) . In any case, the level of amino acid provided by the low diet was not sufficient to maintain the productive performance of males. In the starter and finisher stages, the percentage of N retained was higher in males than in females (P < 0.05).
The amount of water consumed by the chickens in each phase and for the overall study period (48 d) is shown in Table 6 . After the prestarter phase, water consumption was higher in males than in females (P < 0.01), and, by the end of the experiment, each male had consumed 1.17 L more water than females. Except during the grower phase, a low dietary protein content decreased water consumption in both sexes (P < 0.05), so that for the full 48 d, water consumption decreased by 0.73 and 1.02 L in males and 0.34 and 1.01 L in females for the medium and low treatments, respectively. This higher water consumption on the part of males has been described previously (Marks, 1985; Ziaei et al., 2007) and could be due to physiological differences between the sexes (Ziaei et al., 2007) . Reducing water consumption by lowering the level of protein in food is a known effect (Bailey, 1999) . For example, Marks and Pesti (1984) observed that chickens fed diets containing 17% protein consumed significantly less water than those fed with 26% CP in the feed. For Alleman and Leclercq (1997) , a lower level of CP in the diet reduced water consumption, and this effect was independent of environmental temperature (22 or 32°C). Water is necessary for the elimination of urinary N products derived from the metabolism of proteins, so that a lower protein 2 Standard error of the mean; n = 3 replicates per treatment. 3 Linear effect of the diet on the variables in females (P < 0.05). 4 Linear effect of the diet on the variables in males (P < 0.05). Means with different superscripts within the same row differ significantly (P < 0.05). 1 Control (C) treatment with a protein level in the feed of 24.5, 23.0, 21.5, and 20.5% for prestarter, starter, grower, and finisher, respectively. Diet of treatment medium (M) and low (L) have 1.5 and 3% less protein for each phase.
2 Standard error of the mean; n = 3 replicates per treatment. 3 Linear effect of the diet on the variables in males (P < 0.05). 4 Linear effect of the diet on the variables in females (P < 0.05).
intake reduces protein metabolism, and the amount of metabolites eliminated in urine (Bailey, 1999) . The effect of sex and the level of protein in the diet on the manure composition and N excreted are shown in Table 7 . In general, the moisture content of excreta fell with the level of protein in the feed. This effect was observed in males and in the 2-way analysis of the results for the starter, grower, and finisher phases (P < 0.05). In a study of 2-phase feeding, Ferguson et al. (1998a) observed no significant effect of reducing the level of protein (2%) on litter moisture at 42 d. Lower moisture content of manure produces less wet litters, reducing gas emissions to the environment and the incidence of illnesses, thus benefiting animal welfare (Francesch and Brufau, 2004) .
The amount of N excreted, expressed as the percentage of N in excreta or grams of N excreted per kilogram of diet consumed, fell with the reduction of dietary protein (P < 0.05) in the 4 periods studied. In females, the excretion of N was higher from 8 d onwards (P < 0.05). This effect highlights the differences between the sexes when reducing the protein content by 1.5 to 3% in the feed. In females, performance rates were unaffected and N excretion to the environment was reduced by 9.5 and 17%, respectively, whereas in males, it decreased performance rates and the N excretion to the environment was reduced by 11.8 and 14.6%, respectively. Ferguson et al. (1998a) observed a 16% reduction in N excretion when the protein level in the diet was reduced by 2% for chickens reared to 42 d. In this sense, several authors (Aletor et al., 2000; Bregendahl et al., 2002; Si et al., 2004; Corzo et al., 2005; Dozier et al., 2008) concluded that decreasing the CP content of feed and supplementing with crystalline amino acids is a strategy that can be used to reduce the N excretion in poultry farms.
In conclusion, the results identify differences between sexes, justifying the strategy of separate rearing systems for males and females to decrease N excretion in poultry farms. In females, a reduction in the protein content of up to 3% during the 4 phases of breeding studied did not affect performance rates but decreased water consumption and N excretion to the environment. However, in the case of males, although water consumption and N excretion were reduced, performance was slightly affected by reductions in dietary CP levels. Means with different superscripts within the same row differ significantly (P < 0.05). 1 Control (C) treatment with a protein level in the feed of 24.5, 23.0, 21.5, and 20.5% for prestarter, starter, grower, and finisher, respectively. Diet of treatment medium (M) and low (L) have 1.5 and 3% less protein for each stage.
